Bioretention offers the potential to better match pre-development water balances while improving stormwater quality. The now extensive body of research shows bioretention to be a viable and effective option in the management of stormwater, however there continues to be a demand for information related to cold climate design and performance. To study the impact of winter road salting on bioretention functions, a salt and aggregate mixture was applied to outdoor, bioretention mesocosms with soil, mulch and vegetation layers. Freezing of the media within mesocosms was found to increase the infiltration rates. Smaller increases in infiltration rates occurred for mesocosms exposed to the salt and aggregate mixture, suggesting that media clogging due to high suspended solids loading may be counteracting the effects of expansion due to freezing. Sodium and chloride were temporarily retained in the bioretention media, but were subsequently flushed by infiltrating water. Plant species, Aster nova angliae 'Red Shades' and Panicum virgatum were shown to be capable of withstanding high salt exposure. The exposure of the bioretention soils to de-icing materials did not alter the media's ability of the media to remove contaminants. No evidence of increased heavy metal mobility during this study was observed. Overall, results support the potential for application of bioretention facilities in cold climate regions.
INTRODUCTION
Bioretention, including soil, mulch and plants, can help to maintain or restore pre-development storage, infiltration and evapotranspiration processes, improve stormwater quality and provide a landscaped aesthetic. Bioretention systems have become popular in regions of Canada, the United States The Na þ ions from road de-icers interact with exchangeable cations in the soil, buffering the direct effect of the Na þ ion itself on groundwater quality. Indirectly, the ion exchange processes within the soil as a result of Na þ exposure can increase the mobilisation of divalent cations and trace heavy metals (Löfgren ; Norrstrom & Bergstedt ; Backstrom et al. ) . Therefore, the water quality concern associated with Na þ loading includes the potential of increased heavy metal mobilisation.
The effect of the Cl -ion on groundwater is more direct and therefore is the main focus of many groundwater and surface water quality studies dealing with salt application Cl -to be transported by subsequent precipitation throughout the year. An advantage of this mechanism is that it may act to both delay and dilute salt laden runoff concentrations, thereby buffering the effect of high concentration pulses on surface water and groundwater discharge points.
On the other hand, a source of Cl -may remain into the low flow season at which time there is less surface flow to dilute the chloride that continues to be flushed from soils, and aquatic organisms may be less able to cope with increased concentrations due to other stresses associated with low flows (e.g. higher temperature, lower dissolved oxygen (DO)).
While a substantial foundation of bioretention research does exist, there continues to be demand for knowledge regarding cold climate challenges. Cold climate concerns include effects of salt and sand loads on bioretention performance; trade-offs between groundwater quantity and quality; and system lifespan, specifically media clogging and the effects of winter maintenance materials on biochemical processes and vegetation. The goal of the research was to address these concerns, specifically to assess the effectiveness of bioretention areas in the management of runoff from roads and parking lots, subjected to snow, salt, and sand, and enhance bioretention functionality to achieve multiple stormwater management objectives in cold climates. The study design aimed to represent real, as opposed to laboratory, conditions to the extent possible (e.g. de-icing mix used by the City of Guelph was applied in the study). It was, however, a short-term study extending over two growing seasons and the intervening winter. Accelerated loadings of winter de-icing materials were applied to provide an indication of long term issues, with recognition that bioretention processes, particularly biological processes, are likely to be affected by the high hydraulic and de-icer loadings which were conditions of the study.
The scope of this paper is the assessment of the impact of road de-icers (salt and aggregate) on the infiltration rate of bioretention media, plant health and survivability and on overall system lifespan. It also summarises the observed behaviour of sodium (Na þ ) and chloride (Cl -) ions and the fate of heavy metals and nutrients in bioretention mesocosms exposed to winter road maintenance materials.
METHODOLOGY Bioretention mesocosms
Ten identical bioretention mesocosms ( Figure 1 ) were constructed following typical bioretention design guidelines (e.g.
Claytor & Schueler ; PSAT ; Windograff ;
WSDE ) using a medium with the characteristics shown in Tables 1 and 2 and plants with salt tolerances as shown in Table 3 . The medium was placed within the mesocosms in 10 cm lifts, using consistent methods of fill and compaction.
Synthetic runoff composition and loading
A 95% sand, 5% rock salt residential (low priority) de-icer hours after synthetic urban runoff application and 4 hours after a clean water flush. The inclusion of distributed effluent collection in the testing methodology was intended to demonstrate temporal effects on effluent concentrations, specifically to indicate the timing of the peak effluent concentrations.
Soil samples were collected at the end of the study and analysed for cations and anions. Cores were collected from a control column and at three depths (21, 42 and 63 cm) from a 2-year and 15-year salt-exposed mesocosm. Plant health was also assessed at the end of the study based on plant vigour, colour, necrosis, and overall survival. Table 5 summarises the dosing and activity schedule for each mesocosm.
Laboratory analysis methods and data analysis
Cl -and Na þ concentrations were measured during testing using a Thermo Orion meter, Model 250Aþ and Na used to chelate and pre-concentrate metals, followed by analysis using inductively coupled plasma mass spectrometry.
Salt mass balances were completed for each mesocosm.
This included estimating initial and final background concentrations within the bioretention media as well as recording input and output concentrations and solution volumes.
Masses of nutrients and metals were calculated from measured volumes (L) and concentrations (mg/L) at 2, 4.5, 8.5 and 24 hours after synthetic urban runoff application and 4 hours after clean water flush. Cumulative mass, 24 hours after synthetic urban runoff application and 4 hours after flush, are reported. Cumulative output mass and total input mass were used to calculate removal efficiencies.
RESULTS AND DISCUSSION

Infiltration testing
Prior to application of synthetic runoff, infiltration testing (five trials) indicated that infiltration rates for the media in 
Salt mass balance
The Na þ and Cl -mass balance results are interpreted in two phases: the mass balance during contaminant exposure using synthetic winter runoff inputs (pre-deionised (DI)
water flush), and the mass balance at the end of the DI flush representing rain events following spring snow melt. (Table 6 ). Total input mass was the sum of the contributions from synthetic winter runoff input, aggregate residual and background soil leachate. Cl -and Na þ ions were released from all columns during subsequent DI-flushing (Table 6 ). At the conclusion of the trials, all flushed columns had cumulatively released a higher Na þ mass than the total input mass. Figure 3 illustrates a representative behaviour of the bioretention medium in response to successive Na þ and Cl -loadings.
The lack of agreement between the input mass and the output mass indicates the presence of an additional source of Na þ not accounted for in the input dose, aggregate residual or the soil background determinations. The large The agreement between input Cl -mass and output Cl -mass was much closer than in the Na þ mass balance, with only a -4 to 18.2 g difference. The 10 flushes or 100 L/mesocosm were not sufficient to mobilise all retained Cl -. In a bioretention system designed for infiltration to native soils, the mobilised Na þ and Cl -would be transported to groundwater given appropriate migration time and sufficient infiltrating volume.
In an effort to understand the processes taking place within the soil profile and properly interpret mass balance results, soil coring and analysis was performed after synthetic winter runoff and flush applications ( again in Sample C to levels below those in Sample A and the control sample (Table 6 ). Na þ levels at all depths (A, B and C) were elevated compared to the control; since the media appears to be a sink rather than a source of Na þ , this analysis could not explain the higher mass of Na þ measured in the effluent than in the influent as shown in Table 6 .
Heavy metals and nutrients
Heavy metals
Overall, the final cumulative mass of Cu, Pb and Zn removed by the bioretention media were very similar for all columns (Table 8) , with removal efficiencies of 87-91, 85-86 and 88-91%, respectively. A small (<5%) but steady decline in metal removal efficiency was observed between the start and end of dosing with synthetic urban runoff.
During the DI flushing, metals remained captured within the mesocosms and did not become remobilised. The removal efficiencies observed in the salt-exposed and control mesocosms were similar, providing no evidence that the exposure of bioretention medium to the equivalence of 2 and 15 years of de-icing salt and aggregate, affects the removal of heavy metals.
Nutrients
Removal was only observed for NO 3 -species of nitrogen.
The control, 2-and 15-year salt exposed columns released nitrogen at different rates and times. Removal efficiencies are outlined in and Panicum virgatum to the extreme salt exposure in this study suggest good potential for use in bioretention cells receiving runoff from areas subject to application of road salt.
IMPLICATION OF RESULTS
Winter permeability
The modest increase in infiltration rate suggests that the infiltration capacity of the types of soils tested herein should not limit bioretention use in cold climates and should be expected to function well hydraulically during a 15-year design life, however more detailed research is needed. In particular, the determination of how much of the freezeexpansion was a result of the special conditions of the experimental systems should be pursued. Freeze/thaw effects may affect in situ bioretention soils, however one would suspect that native settings might reduce or resist expansion effects.
Impacts of road salts
Results from the overall mass balances of Na þ and Cl -indicate that movement of these ions through the bioretention media into native sub-soils would occur and the subsequent migration into both groundwater and surface water is likely.
Similarly elevated levels of Na þ and Cl -in collected effluents were reported by Czerniawska-Kusza et al. () who conducted lysimetric analysis of roadside soils exposed to de-icers (NaCl and CaCl) and concluded that salts play a significant role in the pollution of soil and that permeable soils allowed soluble pollutants to penetrate deep layers of the soil profile in urban areas.
It is important to note that due to the nature of salts, 
Stormwater quality
With respect to nutrients, the forms of particular concern depend upon whether the stormwater passing through the bioretention media will be collected in underdrains and discharged to a surface water system, allowed to infiltrate native soils and recharge groundwater, or a combination of both. The high NO 3 -mass removal (83-88%) observed in this study is encouraging for locations where groundwater recharge is desired. The anoxic conditions required for denitrification were achieved in the bulk media, or 'hot spots' within the bulk media, in this study, but could also be achieved by promoting a saturated zone near the base of a bioretention system, either below a raised underdrain, or at times when underdrainage is restricted as discussed above.
From a surface water perspective, the bioretention system, as designed in this study, had unsatisfactory removal of TN and TP. In addition to concerns with respect to eutrophication of surface water receptors, unionised ammonia is directly toxic to fish (Tchobanoglous & Schroeder ) . 
